We reported earlier that IL-1b, an NF-jB-regulated cytokine, was made by intestinal epithelial cells during detachment-induced apoptosis (anoikis) and that IL-1 was antiapoptotic for detached cells. Since surviving anoikis is a prerequisite for cancer progression and metastases, we are further exploring the link between anoikis and cytokines. Here we determined that multiple genes are expressed following detachment including a number of NF-jB-regulated products and therefore aimed to determine whether NF-jB signalling plays any role in regulating apoptosis. Using Western blotting, we detected that IjBa becomes phosphorylated immediately following detachment and that levels of phospho-IjBa peaked within 20 min. Phosphorylation of IjBa was followed by Rel A (p65) nuclear translocation. Increased NF-jB activity following detachment was confirmed using the detection of NF-jB-promoted luciferase gene expression delivered by adenovirus infection. Infection of cells with adenovirus expressing a super-repressor IjBa protein and pharmacological inhibitors of NF-jB resulted in the failure to phosphorylate IjBa, a more rapid activation of caspases and earlier apoptosis. We also detected that IjB kinase a (IKKa) and not IKKb became phosphorylated following detachment. Since IKKa is activated by NF-jB-inducing kinase (NIK), we overexpressed native NIK using an adenovirus vector that resulted in enhanced phospho-IjBa and nuclear p65 in detached cells compared to control detached cells but did not result in a significantly greater number of cells surviving to 24 h. We conclude that detachment directly activates NF-jB, which, in addition to launching an inflammatory cytokine wave, contributes to a delay in apoptosis in intestinal epithelial cells.
Introduction
Patients with chronic inflammatory bowel diseases are at a greatly increased risk of developing colon cancer (Gillen et al., 1994) , likely due to the combination of chronic insults to the epithelium and the ongoing exposure to factors that promote cell survival, as part of the reparative process. Cancer arises during these diseases as intestinal epithelial cells (IEC) become transformed and survive detached from the basement membrane. Detachment of normal adhesion-dependent cells leads to apoptosis, a process termed 'anoikis'; overcoming anoikis, therefore, is paramount to cancer establishment and metastases (Stra¨ter et al., 1996) .
In order to study the mechanisms promoting epithelial survival during the stress of inflammation and, in particular, detachment, we used the anoikis-susceptible rat crypt-like line IEC-18. Roughly 40% of detached IEC-18 survive to 24 h if the cells are prevented from reattaching (Waterhouse et al., 2001) . In addition, we showed that immediately following detachment, IEC-18 express IL-1b and the IL-1 receptor type II (Waterhouse and Stadnyk, 1999) , and Miller and McGee (2002) showed that IL-6 was upregulated by detachment, suggesting that IEC are programmed to trigger inflammation. Others showed IL-8 expression due to detachment of bronchial epithelial cells (Shibata et al., 1996) , implying that this may be a common feature of mucosal epithelial cells. We subsequently determined that IL-1 promotes survival of detached IEC-18 and thus the detached cells would seem to be expressing mediators that not only contribute to inflammation but also may affect apoptosis in vivo (Waterhouse et al., 2001) . IL-1b, IL-6 and IL-8 expression are all regulated to some extent by the transcription factor NF-kB, but whether NF-kB becomes activated directly as a result of detachment has not been reported.
NF-kB is a transcriptional regulator of many genes associated with early immune, acute phase and inflammatory responses. It is a heterodimer composed of Rel A (p65) and NF-kB1 (p50) subunits in IEC (Jobin et al., 1997; Jobin et al., 1998a) . The canonical activation pathway of NF-kB is regulated by an endogenous cytoplasmic inhibitor, IkB, which, in responding to certain stimuli, becomes phosphorylated at serine residues 32 and 36, by a multimolecular complex called IkB kinase (IKK), and then is selectively ubiquinated and degraded, leaving NF-kB to translocate into the nucleus (Baeuerle and Baltimore, 1996; Chen et al., 1996; Hochstrasser, 1996) . In IEC, the activation of this pathway can be stimulated by cytokines, for example IL-1 and TNF-a (Bader and Nettesheim, 1996) , or by infection (Savkovic et al., 1997; Elewaut et al., 1999) . In various other cell types, an alternative pathway of activation exists, where NF-kB-inducing kinase (NIK) activates IKKa, which in turn mediates the decay of p100, ultimately allowing p52/RelB nuclear translocation (Beinke and Ley, 2004) . Finally, a third, NIKdependent route to IkB phosphorylation and p65 nuclear translocation was described for some receptors (Ramakrishnan et al., 2004) .
There are mixed results implicating NF-kB in various models of apoptosis, with both pro-and antiapoptotic effects observed. Activating NF-kB in detached IEC with exogenous stimuli, for example using trefoil factor (Chen et al., 2000) , or IL-1 can delay anoikis but whether NF-kB is activated directly by detachment has not been reported. Considering that IEC detachment is associated with reputed NF-kB-mediated cytokine gene expression, we hypothesized that NF-kB activation would be intrinsic to detachment. In the present study, we report that NF-kB signalling indeed occurs following detachment and that activation of this pathway delays apoptosis. Moreover, the pattern of activation is NIKdependent nuclear translocation of p65, resembling the new emerging pathway of NF-kB activation.
Results

Detaching IEC-18 results in caspase activation and apoptosis
As reported by others, the detachment-induced apoptotic 'death signal', the progressive activation of caspases (Alnemri et al., 1996; Salvesen and Dixit, 1997) , was detected by Western blot using rabbit anti-active caspase-3 antisera (Figure 1a) or by using the substrate Z-Glu-Lys(biotinyl)-Asp-CH2-DMB (zEK(bio)Daomk) for detection of multiple activated caspases (Figure 1b) . Increased caspase activation was positively associated with increased cell apoptosis judged by morphology within 4 h post detachment ( Figure 1c ) and negatively associated with the number of 3,3 0 dihexyloxacarbocyanine iodide (DiOC 6 )-positive (viable) cells following an overnight incubation (Figure 1d ). The DiOC 6 measure indicates compromised mitochondria permeability (Zamzami et al., 1996) and has been used to follow apoptosis during anoikis (Douma et al., 2004) . These multiple means of measuring apoptosis establish that we can detect significant apoptotic changes within 4 h of detachment.
Gene expression by detached IEC-18
To gain further insights into the IEC-18 response to the stress of detachment, we conducted gene microarray were assayed by Western blotting for activated caspase 3 (a) or multiple active caspases detected with zEK(bio)D-aomk (b). In both cases, the blots were stripped and then probed with antibody to procaspase 3, demonstrating equal protein loading in each lane. The antibody used to detect activated caspase 3 does not detect procaspase 3. (c) Apoptosis is evident from cell morphology. Cells recovered at the times indicated were settled onto slides, stained and then assessed for apoptosis microscopically. A total of 500 cells were counted per slide and the mean and standard deviation were calculated from three slides, each prepared from a separate tube of cells. All experiments were conducted at least three times, each with similar results. (d) Apoptotic cells fail to stain with DiOC 6 . Declining DiOC 6 staining indicates compromised integrity of the mitochondria. The figure includes the mean and standard error of the mean of five experiments. ANOVA was conducted with post hoc testing when there are two experimental groups compared to the control or time 0 treatment; otherwise, the Student's t-test was used to compare the experimental group with the control group of cells. *Po0.05; **Po0.01 when compared to 0 h analysis using mRNA prepared from cells harvested in a similar time frame as the caspase assays, up to 8 h. The array results revealed that a considerable number of genes were expressed including well-known NF-kBmediated products (Supplementary Table 1 ). In the annotated list are cytokines/chemokines (e.g. TNF-b, fractalkine, RANTES, IL-15), inflammatory molecules (VCAM-1, iNOS, CD44), transcription factors (NF-kB, IRF-7, STAT1, 2), proteases (MMP-2) and apoptotic molecules (BimEL), most of which have been confirmed as made by epithelial cells under other stimuli. We tested seven of the NF-kB-regulated genes using reverse transcription-polymerase chain reaction (RT-PCR) detection and indeed all seven were increased during anoikis although the time-course kinetics and perhaps the magnitude of changes may not exactly match our predictions from the array results (Figure 2 ). We also repeated our earlier finding that IL-1b and IL-1RII are made (Waterhouse and Stadnyk, 1999) as well as the observation by Miller and McGee (2002) that IL-6 is made (Figure 2 ).
Detachment induces phosphorylation of IkBa and nuclear translocation of p65
Directly assaying for distal events in NF-kB activation, we observed that detachment induced the immediate phosphorylation of IkBa (Figure 3a) . Levels of phospho-IkBa reached a peak by 10 min, at which time a decline in protein levels was also evident (Figure 3a) . After incubation overnight as detached cells and with equal amounts of protein loaded into each lane of the gel, phospho-IkBa returned to levels seen in attached cells (Figure 3b ). The decline in IkBa was temporary as it returned to attached cell levels by 1 h, presumably due to new protein synthesis. The detection of nuclear p65 protein was immediate but the peak concentration was reached between 30 min and 1 h (Figure 3b ), similar to the course of IkBa phosphorylation. Levels then slowly declined, until it was no longer detectable by about 20 h ( Figure 3b ). Nuclear NF-kB activity was also detectable using an adenovirus construct expressing luciferase downstream of three NF-kB binding sites, shown in Figure 3c as increased luciferase at 4 h relative to immediately detached cells. Thus, NF-kB activation is rapid and transient during anoikis.
Inhibition of NF-kB activation results in increased caspase activation and apoptosis
The data above support a model whereby the decay of nuclear NF-kB parallels cell death. We then sought to Figure 2 RT-PCR detection of mRNA for NF-kB-mediated genes following detachment. Cells were detached and established on poly-HEMA-coated plates for the length of time indicated on the gel and then harvested and total RNA isolated. The primer sequences used for detection of each molecule predicted to increase by microarray are available in Supplementary Table 2. The experiment was conducted twice using cells on poly-HEMA and once using cells in roller culture, and all the molecules increased in all the experiments The protracted time course reveals that protein levels of IkBa recover by about 1 h following detachment. Secondly, increasing amounts of p65 protein accumulate in the nucleus coincidental with increased phosphorylated IkBa. n-p65, nuclear p65; c-p65, cytoplasmic p65. (c) IEC-18 were infected with adenovirus expressing NF-kB-promoted luciferase prior to detachment, then detached and harvested immediately or after 4 h, and luciferase activity was measured. *Po0.01 confirm directly whether specific inhibition of the canonical pathway would affect the timing of apoptosis in cells after detachment. Adenoviral infection of IEC-18 with IkBAA, the mutated, super-repressor form of IkBa, prevented nuclear accumulation of p65 relative to detached green fluorescent protein (GFP)-expressing or uninfected cells at the same time point of 1 h (Figure 4a ). Infection with the super-repressor also accelerated apoptosis measured by DiOC 6 staining ( Figure 4b ) and enhanced activation of caspase 3 (Figure 4c ). The functional inhibition of NF-kB activity was confirmed using coinfections with the IkBAA-and luciferaseexpressing viruses, detected as a lack of increased luciferase in detached cells (Figure 4d ). Therefore, the activation of NF-kB appears essential for the cells to survive the period immediately following detachment. As an alternative approach to inhibiting NF-kB, we treated cells with gliotoxin (0.5 mg/ml) or curcumin (50 mM), potent pharmacological inhibitors of NF-kB signalling (Pahl et al., 1996; Ward et al., 1999) , during trypsinization and after detachment, and then measured nuclear p65 and caspase activation. Figure 5a shows that both chemicals attenuated IkBa phosphorylation and p65 nuclear accumulation with a concomitant enhancement of caspase activation. Detached cells undergo a dramatic widespread tyrosine dephosphorylation (Maher, 1993 , and data not shown) and in the course of our investigations into the role of phosphatases in anoikis, we have determined that the tyrosine phosphatase inhibitor phenylarsine oxide (PAO) but not pervanadate inhibits detachment-induced NF-kB signalling. Figure 5a shows that cells incubated in 0.5 mM PAO during trypsinization and while detached failed to phosphorylate IkBa or translocate p65 to the nucleus but showed high levels of caspase activity. The acceleration of apoptosis by the pharmacological agents was also evident from the morphology of the cells harvested after 8 h of detachment (Figure 5b ). We conclude from these results that intrinsic activation of distal components of the canonical pathway (p65) serves to directly delay apoptosis of the detached cells.
Considering the early NF-kB activation following detachment, we explored whether other signalling cascades, reputedly upstream of IkBa phosphorylation in other systems, may impact on the detachment- Figure 5 (a) Pharmacological inhibitors of NF-kB prevent phosphorylation of IkBa and the nuclear accumulation of p65 (assayed at 1 h) as well as accelerate the activation of caspases, detected with the pan activated caspase marker zEK(bio)D-aomk using 4 h lysates. Cells were incubated in each inhibitor during trypsinization and throughout the period of detachment until harvest. The blots were stripped and probed for actin, which showed similar levels of protein in each lane (not shown). (b) The proapoptotic effect of gliotoxin and PAO quantitated using the morphology of detached cells after 8 h. Gliotoxin was used at 0.5 mg/ml, curcumin at 50 mM and PAO at 0.5 mM. *Po0.05, **Po0.01 induced activation of NF-kB. We treated cells during trypsinization and throughout the period of detachment with various pharmacological inhibitors of protein kinases including the tyrosine kinase inhibitors tyrphostin AG126 (75 mM), genestein (75 mM) and herbimycin A (5 mM); inhibitors of phosphatidylinositol-3 kinase, LY294002 (1 mM) and wortmannin (0.1 mM); and the MAP kinase inhibitors SB203580 (5 mM) and PD98059 (50 mM), but none prevented the phosphorylation of IkBa or nuclear p65 accumulation measured 1 h after detachment (data not shown).
Detachment results in IKKa phosphorylation
The canonical pathway to Rel A activation involves the heterotrimeric complex IKK consisting of IKKa, IKKb and IKKg. IKKb reputedly phosphorylates IkBa, releasing p65 (Beinke and Ley, 2004) . Using Western blotting, we detected rapid IKKa but not IKKb phosphorylation in the detached IEC-18 (Figure 6a ). We then used our pharmacological approach to probe whether phosphorylated IKKa was functional in p65 nuclear accumulation. Cells incubated in gliotoxin showed intact IKKa phosphorylation following detachment, while cells incubated in PAO showed lower levels than detached control cell levels (Figure 6b ). This indicated that gliotoxin likely acts directly to inhibit IKKa activity. Incubation in PAO, on the other hand, resulted in increased catabolism of the phospho-IKKa protein, which registered as a steady decline in total IKKa levels, presumably as more of the steady-state protein became phosphorylated (Figure 6c ). The sum of these observations implicates IKKa in the p65 nuclear translocation.
Finally, considering the antiapoptotic effect of intrinsic NF-kB activation early after detachment and the antiapoptotic effect of the NF-kB-activating cytokine IL-1 (Waterhouse et al., 2001) , we explored whether enhancing NF-kB activation, specifically, was sufficient for cells to overcome anoikis. We chose to infect cells prior to detachment with adenovirus expressing native NIK since this molecule signals through IKKa in the alternative pathway yet reportedly can activate the canonical NF-kB pathway resulting in nuclear p65 (see Ramakrishnan et al., 2004) . We then measured parameters of detachment-induced apoptosis. Adherent IEC-18 ectopically overexpressing NIK did not show higher constitutive NF-kB activation as measured by coinfection with NF-kB-mediated luciferase-expressing virus (data not shown). On the other hand, cells infected for up to 2 days with virus expressing NIK and then detached possessed greater amounts of phosphorylated IkBa at 1 h ( Figure 7a ) and 24 h post detachment (not shown), increased levels of nuclear p65 (Figure 7b ) and lower levels of activated caspase 3 at 24 h (Figures 7c), confirming that NIK signalling is linked to the activation of p65 by detachment. However, despite an apparent increase in DiOC 6 staining, the increase in numbers of cells surviving at 24 h post detachment did not reach statistical significance compared to cells infected with virus expressing GFP (Figure 7d ). The decline in surviving numbers of cells expressing the IkB super-repressor did reach statistical significance, also shown in Figure 4 . Therefore, while inhibiting NF-kB accelerated apoptosis, heightening the activation of NFkB alone, at least to the magnitude achieved by overexpression of NIK, failed to prolong significantly the survival of detached cells.
Discussion
Epithelial cells progress from the dividing stage deep in the crypt to rise to the villus tip in the small intestine or the surface of the crypt in the colon, where they undergo apoptosis. Inflammation can change the dynamics of this relationship including influencing whether the cells continue into apoptosis (Shanmugathasan and Jothy, 2000) . Indeed, carcinomas arise from the chronically inflamed bowel with greater frequency than they do from the uninflamed bowel (Gillen et al., 1994; Karle´n et al., 1999) , indicating mechanisms occur that may circumvent the normal apoptotic routine. We have therefore been studying the relationship between inflammatory mediator production and apoptosis of IEC, using the IEC-18 line as a model of undifferentiated crypt cells. We have shown that IL-1b is transiently produced by detached IEC-18 (Waterhouse and Stadnyk, 1999) and others have reported that IL-6 is expressed (Miller and McGee, 2002) . Now, our gene array results expand the list of detachment-induced genes to include other molecules important in inflammation as well as transcription factors and regulators of apoptosis, many of which are transcriptionally activated by NF-kB. Here we confirm that detachment directly activates NF-kB and that this activation impacts on the early course of anoikis. NF-kB rapidly became activated in the period when the cells were detaching, as was evident from the phosphorylated IkBa at the earliest time we harvested cell lysates, time 0. This was not due to trypsinization per se, since the activation also occurred during scraping of the cells (data not shown). We then show, using genetic and pharmacological approaches, that interrupting NF-kB activation accelerated apoptosis of the detached cells, directly implicating this transcription factor in the regulation of cell fate. Together, these data support the conclusion that NF-kB plays an essential role in IEC survival early under the stress of detachment.
NF-kB activation has been described in multiple systems but whether it protects cells or promotes apoptosis appears to depend on the cell type and method used to induce apoptosis (Chen et al., 2000; Gill and Windebank, 2000; Kuhnel et al., 2000; Yang et al., 2001 ; reviewed in Weaver et al., 2002) . This varied response is undoubtedly related to the fact that NF-kB promotes the expression of both antiapoptotic and proapoptotic molecules. NF-kB activation also reportedly occurs during cell reattachment and this has been exploited as a target to prevent the survival of metastatic cells (Scaife et al., 2002) .
The canonical pathway leading to nuclear p65 utilizes IKKb (Beinke and Ley, 2004 ), yet we detected early phosphorylation of IKKa, which would be consistent with activation of the alternative pathway. However, NF-kB signalling consisting of proximal alternative pathway events (NIK activation of IKKa) engaging the distal events of the canonical pathway (phosphorylation of IkBa and nuclear translocation of p65) seems to be an emerging hybrid of these two pathways. This pattern of activation was recently highlighted by Ramakrishnan et al. (2004) , who proposed that a NIK-dependent arm of the canonical pathway is triggered by certain receptors. Jijon et al. (2004) reported that NIK-dependent p65-mediated gene expression was dependent on p38 MAPK phosphorylation of p65. We also show that overexpression of NIK in the IEC-18 cells resulted in greater nuclear p65 in detached cells, and while p38 is activated by detachment (Vachon et al., 2001; Rosen et al., 2002 , and results not shown), NF-kB activation was not prevented by the p38 inhibitor SB203580. Furthermore, the increase did not result in a significantly greater number of cells surviving to 24 h post detachment. This outcome contrasts with our previous results and the results of others showing that stimulating NF-kB activity in detached cells is antiapoptotic (Chen et al., 2000; Waterhouse et al., 2001) . This may be due to the magnitude of activation or the exogenous NF-kB triggers possibly activating other signalling pathways that complement the effect of NF-kB acting through the canonical pathway.
Knowing that NF-kB is activated by detachment is important because it is purportedly the axis between chronic inflammation and tumorigenesis (Clevers, 2004; van der Woude et al., 2004) , although this is widely appreciated to be through indirect roles such as enhancing iNOS or COX-2 expression. Activated NF-kB can be found at the invasive margin of colorectal tumors in situ (Evertsson and Sun, 2002) and inhibition of NF-kB in transformed cells is one strategy taken to promote apoptosis, for example in breast carcinomas (Biswas et al., 2003) . Yet, we believe our finding of intrinsic detachment-induced NF-kB implicates this factor directly in epithelial apoptosis. Early intrinsic activation may serve in a number of cellular functions as part of the normal physiology of the IEC. One role may be during mitosis, when cells round up and dissociate focal adhesions from the substrate, presumably becoming temporarily detached. During mitosis, focal adhesion kinase (FAK) becomes tyrosine dephosphorylated but serine phosphorylated (Ma et al., 2001) , resulting in the decoupling of FAK from downstream signalling molecules. FAK normally provides survival signals through the upregulation of Bcl-2 homologs, and fibroblasts transfected with a constitutively active FAK become anoikis resistant (Frisch et al., 1996) . FAK regulation may crosstalk with NF-kB activation to support survival through mitosis, and in other cell systems, FAK indeed leads to AKT activation and AKT in turn activates NF-kB. However, our data using LY294002 and wortmannin would suggest that this is not the case in detachment-induced NF-kB activation.
A second function for intrinsic activation by detachment is to launch the inflammatory response. The large number of NF-kB-mediated genes that are important in the inflammatory/immune response (Figure 2 and Supplementary Table 1) is a testament to this possible role for a cell that resides at the boundary with the environment. Presumably, detachment-induced activation of NF-kB may not be a response of all epithelia but only of those directly interfacing with the external environment such as the lung, gut and genitourinary tract. This programming of the inflammatory response happens to be compatible with a role for ceramide in activating NF-kB. Ceramide liberation by neutral sphingomyelinases induced RelA/p50 activation and IL-8 expression in a human colon carcinoma line (Colell et al., 2002) . Whether detachment leads to increased ceramide is presently under investigation. The shortterm survival of IEC would ensure the induction of inflammatory mediators, thus alerting the host of damage or stressors to the epithelium.
Beyond these hypotheses, the mechanism leading to activation of NF-kB by detachment remains unknown. The immediacy of the activation suggests that endogenous signalling molecules are responsible and not soluble molecules acting on surface receptors. Our finding of NIK-dependent activation of p65 may help to focus the search for more proximal activators. Ultimately, mapping this pathway will identify potential controlling points over the fate of IEC that may be used to promote restitution or possibly reverse anoikis resistance in the precancerous stages of colorectal cancer.
Materials and methods
Materials
The IEC-18 cell line and mycoplasma PCR-based detection kit were purchased from American Type Culture Collection (Rockville, MD, USA). Cell culture polystyrene flasks and multiwell plates were from Becton-Dickenson (Lincoln, NJ, USA). DMEM, HEPES, L-glutamine, newborn cow serum (NBCS), penicillin, streptomycin and bovine insulin were purchased from Life Technologies (Burlington, ON, Canada). Nitrocellulose membrane and ECL Western blot detecting reagents were purchased from Amersham Pharmacia Biotech Inc. (Baie d'Urfe, QC, Canada). Rabbit anti-phosphorylated IKK, anti-activated caspase 3 and anti-IkBa antisera, and mouse anti-phosphorylated IkBa monoclonal antibodies (mAb) were from Cell Signaling Technology (Beverly, MA, USA). The anti-phosphorylated IKK antisera detects both IKKa and IKKb. As only IKKa becomes phosphorylated as a result of detachment, we confirmed the detection of phosphoIKKb using IL-1-treated cells. The biotinylated caspase inhibitor zEK(bio)D-aomk was from BioChem ImmunoSystems (Montreal, QC, Canada). Rabbit anti-caspase 3, IKKa and RelA (p65) antisera were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The protein assay kit (Bradford method) and other reagents for electrophoresis were from BioRad Laboratories Ltd (Mississauga, ON, Canada). HRP-conjugated goat anti-mouse IgG, anti-rabbit IgG and rabbit anti-b-actin sera and all the remaining reagents were obtained from Sigma-Aldrich Canada Ltd (Oakville, ON, Canada).
Cell culture
The IEC-18 cell line was maintained in DMEM supplemented with 10 mM HEPES, 2 mM L-glutamine, 5% heat-inactivated NBCS, 50 U/ml penicillin and 50 mg/ml streptomycin (hereafter referred to as complete DMEM) at 371C supplemented with 5% CO 2 . The passage and periodical Mycoplasma testing were carried out as described earlier (Stadnyk et al., 1995; Waterhouse and Stadnyk, 1999) .
Experiments were performed 1 week post passage on confluent cells in six-or 12-well polystyrene plates. For experimental treatments, media were removed from wells and the cells washed once with PBS. Adherent control cells were collected in lysis buffer (see below) at this point. Cell detachment was achieved by treatment with 0.25% trypsin/ 1 mM EDTA (in PBS) for 10 min at 371C followed by gentle pipetting, until cells detached. Other methodologies for detaching the cells, that is, using 5 mM EDTA alone, or cell scrapers, had also been tested, with similar results (data not shown). The detached cells were collected, washed once with PBS and resuspended in complete DMEM (considered as time '0'). Cells from each well of the culture plate were incubated in a polypropylene tube (5 Â 10 5 /ml) rotating at 371C, for the times indicated. In some experiments, media were supplemented with various chemical inhibitors during trypsinization and during the following incubation. All experiments were conducted at least three times.
Microarray analyses
Detached IEC were plated at a density of 5 Â 10 5 cells/ml on poly-HEMA-coated 35 mm plates in duplicate for 0, 2, 4 or 8 h, when total RNA was extracted using RNeasy (Qiagen). For each of the eight resulting samples, cRNA probes were generated by reverse transcription followed by in vitro transcription incorporating biotin labelling as part of the standard Affymetrix protocol. The probes were then hybridized to the Affymetrix Rat Genome U34A chips, which interrogate 8740 mRNA transcripts and EST clusters from the UniGene database (Build 34). After hybridization and staining, the chips were scanned by laser. The final data set consisted of a total of eight scan files, each obtained using the Affymetrix GeneChip s software. Each qualifier in these files is associated with an intensity that is a measure of the corresponding transcript abundance. The output files were further processed into a format that adds an estimate of the standard deviation of the noise for each intensity (Theilhaber et al., 2001) . The eight postprocessed scan files, arranged in order of the anoikis time course, were concatenated into a single file, with duplicates forming adjacent columns. Replicates were combined by computing the median of the replicate intensities for each qualifier. The final step in the data assembly consisted of obtaining expression ratios for each qualifier for 2, 4 and 8 h compared to 0 h using the PFOLD algorithm, which utilizes both intensity and noise data. The number of profiles in the IEC anoikis time course was reduced by retaining only those with the most significant variation. The data here represent the top 30 upregulated genes following 2, 4 and 8 h of detachment compared to time 0, all of which show greater than threefold increases in concentration.
RNA extraction and relative RT-PCR
Total cellular RNA was extracted from cells harvested at the indicated times using Trizol reagent (Life Technologies) following the manufacturer's instructions. RT and PCR for the rat molecules were performed as described previously (Waterhouse and Stadnyk, 1999) . Briefly, 1 mg of total cellular RNA from each sample was reverse transcribed using Maloney murine leukemia virus reverse transcriptase (Invitrogen) with 0.01 mM of each dNTP and 1 mg random hexamers (both from Pharmacia). The RT product was diluted 1 : 10 and 4 ml used for measurement of b-actin; or else an equal volume was used as template for all other molecule determinations. The PCR mix contained (in final concentrations) 50 mM KCl, 20 mM Tris-HCl, pH 8.4, 2.5 mM MgCl 2 , 0.1 mg/ml bovine serum albumin, 0.2 mM dNTPs and 2.5 pmol of each primer. Following agarose gel separation, the amplicon was photographed using ethidium bromide staining under UV light. The primer sequences developed for the detection of these rat molecules are listed in Supplementary Table 2.
Physical assessment of apoptosis
After the timed incubation, aliquots of 100 000 detached cells were removed from the culture and washed once with PBS. These cells were then resuspended in 0.1 ml of PBS and placed onto a polylysine-coated glass slide. Cells were left to adhere for 20 min at room temperature and then fixed with 2% paraformaldehyde and stained with H&E. Cells with karyopyknosis or karyolysis were considered as apoptotic cells. A total of 500 cells were counted from each treatment group and the mean of three or four experiments and standard deviation are shown.
Western blotting
Cell lysates, prepared by dissolving the cells with RIPA buffer or as described in Results, were assayed for protein concentrations using Bio-Rad Bradford protein assay reagents and then analysed by Western blotting, as described in detail elsewhere (Bonner et al., 2001) .
Assay for caspase and IkBa activation
Caspase activation was assayed using a biotin-conjugated caspase-specific inhibitor zEK(bio)D-aomk according to the method of Yamashita et al. (1999) , with some modifications. Cells were washed once with ice-cold PBS and then lysed with the caspase assay buffer (CAB: 1% Triton X-100, 20 mM HEPES, pH 7.5, 5 mM MgCl 2 , 5 mM EGTA, 5 mM EDTA, 5 mM DTT, 2 mM PMSF, 5 mg/ml leupeptin, 5 mg/ml pepstatin, 10 mg/ml aprotinin) (Niwa et al., 1999) . Lysates were clarified by centrifugation at 12 000 g for 10 min and assayed for protein concentrations. Lysates (100 mg/sample) were incubated with 2 mM zEK(bio)D-aomk in CAB for 10 min at 371C, followed by termination of the reactions by adding 5 volumes of cold acetone (À201C). The proteins were then pelleted by centrifugation at 12 000 g for 10 min, dissolved in SDS-PAGE sample buffer, separated on 15% gels by SDS-PAGE and transferred to nitrocellulose membranes. The activated caspases that bound covalently with zEK(bio)D-aomk were detected by HRP-conjugated streptavidin followed by ECL Western blot detection reagents.
For assessment of IkBa activation, cells were lysed with M2 buffer (20 mM Tris, pH 7.0, 0.5% NP-40, 250 mM NaCl, 3 mM EGTA, 3 mM EDTA, 2 mM DTT, 5 mM PMSF, 5 mg/ml leupeptin, 5 mg/ml pepstatin, 10 mg/ml aprotinin, 0.2 mM Na 3 VO 4 , 2.5 mM NaF, 10 mM PAO) (Lin et al., 2000) , and then equal amounts of protein (35 mg/sample) analysed by Western blotting using mouse anti-phosphorylated IkBa or a rabbit anti-IkBa protein Ab as described above.
Assay for p65 nuclear accumulation
These experimental procedures were essentially as conducted by Ward et al. (1999) , with some modifications. Equal numbers of cells (10 6 /sample) were washed once with ice-cold PBS/DFP and then treated with Buffer A (10 mM Tris, pH 7.8, 10 mM KCl, 1.5 mM EDTA, 0.5 mM DTT, 1 mM PMSF, 0.1 mM Na 3 VO 4 , 5 mg/ml leupeptin, 5 mg/ml pepstatin, 10 mg/ml aprotinin, 2.5 mM NaF, 10 mM PAO) for 10 min on ice. Then, 0.1 volume of 10% NP-40 was added and the cells vortex mixed for 4 s, followed by centrifugation at 12 000 g for 2 min. The supernatants were aspirated and the pellets washed once with Buffer A. The nuclei were collected by centrifugation as above and the nuclear proteins extracted with Buffer B (20 mM Tris, pH 7.8, 150 mM NaCl, 50 mM KCl, 1.5 mM EDTA, 5 mM DTT and protease and phosphatase inhibitors as in Buffer A) for 1 h at 41C. The residues of the nuclei were removed by centrifugation at 12 000 g for 10 min at 41C and the nuclear extracts were analysed by Western blot using a rabbit anti-p65 Ab as described above.
Adenovirus constructs, infection and luciferase assay
Replication-defective adenovirus lacking segments of the E1 and E3 regions were constructed to encode a CMV-driven, mutated IkBa resistant to degradation (Ad5IkBAA), as described previously (Jobin et al., 1998b) . Ad5 expressing GFP was used as an infection control, while virus expressing NIK (Ad5NIK) was used to enhance the levels of activated NF-kB (Russo et al., 2004) . NF-kB-luciferase virus (Ad5kb-Luc) was used to assess NF-kB-mediated gene expression, and was described previously (Russo et al., 2004) . Viruses were replicated by infection of E1-transformed HEK 293 cells and purified from cell lysate as described elsewhere (Bett et al., 1994) . Titers were estimated by OD 260 absorbance and viral stocks were stored at À201C in storage buffer (5 mM Tris pH 8.0, 50 mM NaCl, 500 mM MgCl 2 , 25% glycerol).
In preparation for infection, IEC-18 were grown to near confluence and infected overnight with recombinant adenovirus at a multiplicity of infection (MOI) of B45 PFU per IEC in DMEM supplemented with 2% NBCS and penicillin, streptomycin, L-glutamine and HEPES. Cells were rinsed in PBS and were either trypsinized or incubated with fresh media. Infected cell viability was monitored by DiOC 6 staining, detected by flow cytometry. Adenovirus-infected adherent cells showed a maximum of 4% apoptosis or death by any measure.
In experiments measuring luciferase activity, IEC were infected as above with an MOI of 20 overnight. Cells were then washed and as described, or were subsequently infected with Ad5IkBAA to inhibit NF-kB-mediated gene expression. Equal cell numbers were collected in luciferase assay lysis buffer and stored at À201C for further analysis (Enhanced Luciferase Assay Kit, BD Biosciences, Franklin Lakes, NJ, USA). Samples were analysed as per the manufacturer's instructions.
Flow cytometry
Adherent or detached cells, at a density of 5 Â 10 5 cells/ml, were incubated with 40 nM DiOC 6 (Molecular Probes, Eugene, OR, USA) in complete media for 10 min at 371C. Aliquots of 0.5-1.0 Â 10 6 cells were prepared for analysis using a Becton Dickenson FACScan and 1 Â 10 4 events were analysed for each sample. Gates were set presuming high viability of freshly detached untreated cells using forward and side light scatter properties as well as DiOC 6 labelling in the FL-1 channel. Gated freshly detached but otherwise untreated cells served as 100% viable controls for experimental comparison. Furthermore, adherent adenovirus-infected cells served as viability controls for detached infected cells. Flow cytometry data was analysed using Winlist 5.0 (Verity House, Topsham, ME, USA).
